INTRODUCTION
The concept of optimal clutch size, in relation to the evolutionary ecology of bird populations, is still under vigorous debate (reviewed in Stearns 1992:150-174). Historically, the optimum was thought to be the clutch size that produces the most surviving offspring (Lack 1947) . This idea has now been extended to the clutch size that maximizes fitness, i.e., the combination of many life history traits (Roff 1992 , Stearns 1992 . For a long time, food abundance during the feeding of young was believed to be the major force influencing optimal clutch size (Lack 1947) , resulting in a tradeoff either between number and survival of offspring (Lack 1954 , Andersson 1978 or between number of offspring and parental survival (Williams 1966 , Charnov and Krebs 1974). Another evolutionary force that was considered to influence clutch size was nest predation (Lack 1948 , Skutch 1949 , Snow 1962 , Perrins 1977 . However, only recently has the role of nest predation been recognized to be as important as food in driving the evolution of clutch size (Slagsvold 1982 , Martin 1995 . There are three ways (modified from Slagsvold 1982) in which nest predation could influence clutch size: (1) the nesting period duration: larger clutches take longer to produce and are thus vulnerable to predation for a longer period (Perrins 1977) ; (2) the Manuscript received 10 July 1995; revised 22 April 1996; accepted 28 April 1996; final version received 5 June 1996. delectability of the nest: larger broods need a bigger nest, are noisier (Perrins 1965) , and necessitate more visits from the parents, making the nest more conspicuous; (3) the trade-off between current vs. future reproductive investment: in the case of nest predation, smaller clutches allow parents to reinvest more in a replacement clutch or to survive better to the next breeding season (Cody 1966) . These considerations lead to the prediction that nest predation risks result in a reduction of the optimal clutch size. Theoretical models investigating the effect of increased mortality before the age of first reproduction on the evolution of other life history traits have confirmed these predictions (e.g., Law 1979 , Michod 1979 , Slagsvold 1982 , Lundberg 1985 , Lima 1987 ; see Table 1 for a selection). These models assume a trade-off between clutch size and at least one other life history trait. The models always predict that nest predation leads to a lower optimal clutch size. This is true whether food limitation (i.e., a limit to the number of chicks the parents could raise) is included in the model or not. However, these models do not consider whether the response in clutch size should be a phenotypic adjustment to nest predation (optimal reaction norm) or the result of a selection process (genetically determined optimal clutch size).
There are few documented examples of life history shifts induced by nest predation. In birds, most of the evidence comes from comparative studies of species in 1990 ). This was achieved initially by a phenotypic adjustment, followed by a genotypic one (Reznick and Bryga 1987) . The cladoceran Daphnia pulex also reduced clutch size when faced with invertebrate predators feeding on small-sized individuals (Lining 1992) , and the freshwater snail Physella virgata delayed and reduced reproduction when exposed to water in which young conspecifics had been eaten by a predator (Crowl and Covich 1990). In both cases, the response was mostly phenotypic. In these examples, predation on early stages caused a reduction in clutch size that was mostly achieved through phenotypic plasticity. Phenotypic plasticity is expected to be more important when the environment (predation risk) is variable and unpredictable (Stearns 1989 , Harvell 1990 ). During a long-term study of the Great Tit (Parus major) in Wytham Wood, Oxfordshire, UK, the population suffered several years of high nest predation in which 30-50% of breeding attempts were lost to weasels (Mustela nivalis) (Dunn 1977 , Perrins 1979 , McCleery and Perrins 1991 . These predation events were scattered over an 18-yr period. During the years 1972-1975, nest boxes were gradually replaced by predator-proof boxes, and nest predation was virtually eradicated (Perrins 1979 ). This change was correlated with an increase in population density and a decrease in adult survival rate (McCleery and Perrins 1991 , McCleery et al. 1996 . The purpose of this paper is to examine whether or not changes in nest predation rates also induced changes in clutch size. In particular, we test if nest predation, adult survival, and recruitment of new breeders are clutch size-dependent. We also analyze phenotypic changes in clutch size in the years following high nest predation. We test whether females individually increased the size of their clutch to compensate for failure due to predation, or, conversely, decreased their clutch size toward a more optimal clutch size (due to presumably lower nest predation).
METHODS

Study site and data collection
The Wytham Great Tit population study has been described many times (e.g., Perrins 1979). Only points specific to this analysis will be presented here. The study was initiated in 1947 in Marley Wood only, a limited area of Wytham Wood (Oxfordshire, England). It was extended to the whole wood by 1963 (1000 nest boxes on 390 ha). Wytham Wood is considered to be an optimal habitat for tits (Perrins 1979 
Nest predation pattern
The main nest predator of Great Tits in Wytham Wood is the weasel (Perrins 1979) . Nest predation has fluctuated markedly over the years (Dunn 1977 (Perrins 1979) . Tits have suffered three important peaks of predation when >30% of nests were robbed by weasels: in 1957, 1964-1966, and 1970-1972 (Fig. la) . Nest predation happened at all nesting stages, with higher rates during incubation. Remains of adult tits were found in 15% of the cases (Dunn 1977) . From 1972 to 1975, wooden nest boxes were gradually replaced with concrete ones suspended away from the trunk. Since then, nest predation has virtually disappeared.
Among-year variation in clutch size
We assumed that predation rate in a given year could not have a direct effect on the clutch size of that year, as birds usually lay before predation occurs (see Discussion). For the purpose of the analysis, we defined three different periods: (1) before predation, from 1950 to 1957 (years 1947-1949 were excluded because of a possible effect of the study initiation); (2) during predation, from 1958 to 1976 (analyses including individual characteristics were only possible from 1961, since bird age and status were known only from this year onwards); and (3) after predation, from 1977 to 1993. We then compared the mean clutch size across these three periods. However, nest predation intensity was quite variable from 1958 to 1975. Therefore, to understand more precisely the effect of nest predation on clutch size, we also examined changes in clutch size after the three major peaks of nest predation. We therefore constructed the variable Years After the Last peak Predation (YALP), which is the number of years since the most recent peak predation event occurred (excluding the current year, so that YALP >0). We also assumed that nest predation could not have any further measurable effect on clutch size after 10 yr; including additional years would have increased random errors without increasing the amount of relevant information. We therefore restricted the analysis to the period 1960-1982. We used YALP in an analysis of covariance, using program GLIM (1986, version 3.77, NAG, Oxford, UK). We corrected for the age of the female (yearling vs. older), because yearlings tended to lay a smaller clutch than did adults (Perrins 1965) , and for immigrant vs. resident status, because immigrant females laid slightly fewer eggs than did residents, and because the proportion of residents increased after 1976 (McCleery and Clobert 1990 , McCleery et al. 1996 . We also controlled for characteristics of the year, such as the population density of Great Tits (DEN), defined as the number of pairs attemping to breed, and the mean first egg date of adult females for that year (LAY), which gave an indication of whether the season was early or late. Density and lateness of the breeding season usually have a negative effect on clutch size (e.g., Kluijver 1951 , Perrins 1965 . Because YALP, LAY, and DEN were yearly variables, they could only explain the between-year variation in clutch size. For testing their relative contribution in explaining the year variation, we calculated a Fisher ratio test for the variable X of interest, thus: F = (residual sum of squares accounted for by X) X (n -2)/(residual sum of squares accounted for by X -residual sum of squares accounted for by YEAR), with 1, n -2 degrees of freedom, where n was the number of years considered.
Within-individual variation in clutch size
Phenotypic variation in clutch size was defined, for each female that bred in two successive years, as the change in clutch size (year 2 -year 1). If, for example, nest predation induces a phenotypic reduction of clutch size, changes in clutch size will be negative in the year immediately following a peak predation, positive for some years after, as clutch size increases again after the initial drop, and will average zero once the effect of predation disappears. Such a pattern would be described by a linear plus a quadratic term of the variable YALE In this analysis, we controlled for age of the female in year 1, and changes in the seasonal attributes, i.e., change in population size and change in timing of the season. As before, we tested the significance of yearly measures nested within year, to test the proportion of the between-year variation accounted for by known characteristics of different years.
Clutch size-dependent survival probabilities
Clutch size could be related to adult survival in two ways: (1) females with different clutch sizes in a given year could have different survival probabilities; and (2) years with particularly large or small clutch sizes could be followed by different survival probabilities. In the latter case, survival does not affect variation in clutch size; hence, this hypothesis was not developed in this paper (but see Discussion). To test if the first relation existed, and if it changed in the years following peak nest predation, we built 90 groups of capturerecapture histories of breeding females according to two variables, age of female (yearling or older) and clutch size (<8, 8, 9, 10, and >10 eggs), for nine different years. These years included six years of peak predation (1964, 1965, 1966, 1970, 1971, 1972 ) and three years without nest predation >10 yr after the last peak predation (1982, 1983, 1984) , as a control. Females in the two categories, breeding in a peak predation year or in a nonpredation year, had not experienced the predation themselves (females that lost their nest were usually not identified). A female may have been part of several groups, but because we were interested in the first survival subsequent to the year group (for the 1964 group, survival from 1964 to 1965, etc.), this was not likely to affect our analysis. This splitting produced an average of 18 females per group, which was too small to conduct a standard analysis using models that allow separate estimates of survival and recapture or resighting probabilities (Clobert et al. 1987 , Lebreton et al. 1992 ). To keep survival and capture probability separated, we had to rely on previous analyses done on the same data (Clobert et al. 1988 , McCleery et al. 1996 , in particular for assessing the goodness-of-fit of the general model we used to start the model selection procedure. We therefore considered recapture probability constant over time for a given group. Survival was allowed to vary with time within a group, but only the first survival rate (i.e., for a group breeding in year i, the survival from year i to i+1) was modelled as a function of covariates. The study design only allowed us to estimate the local survival rate, since it was not possible to separate death from permanent emigration from the study area. Three variables were considered to model these first survival and recapture probabilities: age (yearling vs. older when breeding), clutch size, and predation (breeding during a peak predation or nonpredation year). 
RESULTS
Clutch size and nest predation period
Comparing 2-yr-old females only, because they lay a larger clutch, on average, than do yearlings, and to To further explore whether clutch size was correlated with predation, we analyzed the relationship with Years After the Last peak Predation (YALP; see Methods). Controlling for female age, female immigrant vs. resident status, population density, and relative timing of reproduction, and using a model with individual clutch size as the dependent variable, we obtained the results shown in Table 3 . There was a highly significant effect of female age (yearling or adult), and a small effect of female immigration status, on clutch size. The significance of year-specific measurements, such as YALP, density, and lateness of season, were nested within year (Table 3 ; see Methods for detailed explanation). The YALP effect compared to the year effect was highly significant (F, 21 = 11.02, P = 0.003); clutch size increased by 0.128 egg/yr since the last high predation (Table 3 ). The interaction terms between YALP and female age, and YALP and female status, were not significant, which means that the effect of time since the last predation did not differ with respect to female characteristics. Neither density nor lateness of season could account for a significant proportion of betweenyear variation. Taking density and YALP together improved the fit of both, although density was still not significant. The YALP effect was, therefore, unlikely to be an artifact of changes in density; if this were the case, we would have expected density to reduce the F ratio for YALP Clutch size was thus lower during the predation period (Table 2 ), but it was increasing during this period with years after peak predation (Table 3) . This result would be expected if clutch size were reduced after a year of peak predation and increased afterwards. This reduction was about one egg (mean increase of 0.128 egg/yr over 10 years; see Harvey et al. 1979) . We compared the mean clutch size of nests lost to predation (during incubation or after hatching) with that of successful nests. The sample included all complete clutches from 1959 to 1982, without correction for female characteristics, since they were unknown for most nests suffering predation. There was no clutch size-specific predation (with year effect, F14282 = 1.25, NS); nest predation was independent of clutch size as soon as the clutch was completed. One problem with this analysis was that we were unable to use data from incomplete clutches, so the possibility remains that the increase in laying period increased the overall risk of predation even though large clutches were not ipso facto more vulnerable. Thus, "mean clutch size," as estimated from the mean of completed clutches, could be lower than the mean of all the clutches that would have been completed in the absence of nest predation. We calculated the maximum effect this could have, using a model (Appendix) similar to that of Perrins (1977) . The daily risk of predation during the laying period was estimated to be 0.007, using figures derived from Dunn (1977). Using our value of mean clutch size in the relevant period (X = 9.18, s = 2.80), and assuming that 25% of nests were lost to weasels during the laying period (Dunn 1977) , the reduction in apparent mean clutch size would be only 0.021 eggs. Even if we assumed that 50% of nests were lost before completion and with predation rate taking the highest observed value, the apparent reduction would be only 0.1 eggs, which is far smaller than the differences we found (Tables 2 and 3). We can conclude, at this point, that the observed shift in population mean clutch size was not explained either by clutch size-dependent predation or by the extended period of vulnerability of larger clutches.
Survival rate and clutch size (A2).-The Akaike information criteria (AIC) was lowest for the model without any effect of clutch size on local survival and recapture rate. This was also true when clutch size was used as a quantitative variable (linear and quadratic term). Power analysis showed the need of an important clutch size-dependent effect on survival to be detectable (Table 4) . However, small clutch size-dependence (hardly detectable) would have very little effect on the evolution of the mean clutch size after 1 yr (Table 4) . Thus, the presence of clutch size-dependent survival could not explain the observed reduction in mean (Table 5) ; the interaction between age class and year was not significant, which meant that the effects were additive. The time since predation was coded as Years since the Last peak Predation in the second consecutive year of breeding (i.e., YALP = 1 for females breeding for the second time in a year following a peak predation). We found that change in density and the linear and quadratic term of YALP explained a significant proportion of between-year variation. YALP or YALP2 alone were not significant (Table 5) . This was what should have happened if peak predation years were followed by a phenotypic change in clutch size (see Methods). We replaced YALP with YALP -1 so that YALP = 0 for changes from a peak predation year to the year after. The intercept of the model CDEN + YALP + YALP2 was then significantly negative (-0.37 +/-0.11, estimate ? 1 SE). This suggested that, within individuals, clutch size declined in the 1st yr after predation. This was confirmed by the direct calculation of clutch size differences in those particular years. The changes in clutch size in years following heavy predation, corrected for changes in density, were -0.41 + 0.14 (mean ? 1 SE) for birds that were yearlings in the 1st yr, and -0.45 ? 0.14 for adults. After one or two years, the differences became positive (clutch size increased) before settling back to zero (clutch size fluctuated around a constant value) (Fig. 2) . The change in density, nested in year, was highly significant as a main effect and was (Table 5) . A similar exercise involving change in timing of season gave no significant result. Phenotypic plasticity could only be investigated for individuals that bred in several years. In particular, we could not know by how much a yearling female breeding for the first time modified her clutch size by a phenotypic change. To have an idea of the magnitude of this phenomenon, we compared differences of mean clutch sizes of yearlings in two consecutive years with the mean phenotypic changes of adult females for these two years. The two measurements are thus calculated on totally different samples. These two measurements were well-correlated (r2 X 100 -60%; Table 6 ). The observed changes in mean clutch size of yearling females in two consecutive years were similar to the phenotypic changes of females that bred in these two years. All this suggested that most of the observed variation in clutch size was due to phenotypic plasticity of apparently the same magnitude for all females, irrespective of their age and status, and especially of whether or not they had experienced nest predation themselves.
DISCUSSION
Great Tit clutch size variation was significantly correlated with nest predation variation. Mean clutch size decreased by an average of one egg immediately following a year of peak predation. After several years without nest predation, clutch size returned to pre-predation values. The reduction in clutch size after a year of nest predation was not due to clutch size-dependent predation rate, clutch size-dependent survival rate of breeding adults, or clutch size-dependent local recruitment. Furthermore, the pattern of clutch size variation was similar for immigrant tits. The reduction in clutch size was mostly achieved through a phenotypic change of individual clutch size: after each peak of predation, females individually reduced their clutch size by -0.5 egg. The return of clutch size to the pre-predation value after several years without nest predation was similarly achieved through a phenotypic adjustment. Change in clutch size affected all females in the same way, ineluding females that did not breed during years of peak predation. In particular, year-to-year changes in yearling clutch size were similar to phenotypic changes of adults in the same years.
Nest predation by weasels occurred in almost every year. This was particularly true in the years before 1976, when nest boxes were not predator-proof. This may have raised some subjectivity in the way we defined years of intense nest predation. First, we chose these years by inspecting Fig. la, that is, on an a priori basis with respect to clutch size. Second, we did not try any other way to categorize nest predation, which avoids multiple testing and ad hoc splitting. Third, all these years corresponded to an increase of 200-300% in nest predation compared with other years, with >30% of the nests lost to weasels. In addition, the years of peak predation were grouped in three periods separated by at least 4 yr intervals, so that the breeding population was largely renewed (generation time < 2 yr; Perrins and Moss 1975). They can, therefore, be considered as independent repetitions at the withinpopulation level. These high nest predation years were significantly associated with a reduction in clutch size. Several variables are supposed to influence clutch size, e.g., timing of laying, breeding density, female age and status, and food supply (Kluijver 1951 , Perrins 1965 , McCleery and Clobert 1990 , Gosler 1993 ). Except food supply, for which no yearly measurements were available on the scale of the whole Wytham Wood, these other possible confounding variables were accounted for in the analyses. Controlling for these variables, nest predation always had a significant effect, and the inclusion of density in the analysis increased its level of significance. Moreover, density was reduced during the nest predation period (McCleery and Perrins 1991), which should have increased, rather than decreased, clutch size. It could also be that some unknown environmental variable affected both predation rate and clutch size. In that case, predation rate and clutch size in the same year should be correlated, which we did not find (for predation rate as a main effect for the years 1960-1975, nested to year, F,14 = 1.30, NS). In addition, the change of nest box type from 1975 onwards affected predation rate independently of any other environmental variables (McCleery et al. 1996) and was followed by a significant increase in clutch size (Fig. 1) . Similarly, strong nest predation started for reasons independent of the Great Tit population (crash of the rabbit population; Dunn 1977) and, in particular, independent of its clutch size. The first peak predation year was followed by a reduction of clutch size. Thus, changes in clutch size are unlikely to be due to variation in any variables other than nest predation rate.
Clutch size variation related to nest predation was completely explained by phenotypic changes at the individual level. The most important question regarding such phenotypic plasticity is whether it is adaptive (Lessells 1991), as opposed to contingent (van Noord-wijk and Muller 1994). Theoretical models predict a reduction of the optimal clutch size as a result of nest predation through different trade-offs (references in Introduction and Table 1): 1) A trade-off between clutch size (nest detectability) and the probability of being found by a predator. Here, nest predation was independent of clutch size or brood size (this study; also studied in detail in Dunn 1977, but see Perrins 1965), so a reduction in clutch size did not result in a reduction of predation probability.
2) A trade-off between clutch size and the probability of having a second or replacement clutch. Replacement clutches and, even more so, second clutches are rare in Wytham, with very low success compared to first clutches (Perrins 1965 (Perrins , 1979 An important property of induced defense against predation is the presence of a reliable cue of predation (Harvell 1990 ). In the examples already documented, most cues come from chemicals issued from the predator or from the predation itself (e.g., Crowl and Covitch 1990). The cue, however, could also come from conspecifics; the father stickleback Gasterosteus aculeatus is more aggressive toward his offspring in the presence of predators, and the offspring themselves acquire an antipredator behavior (Tulley and Hutingford 1987) . Similarly, there is some evidence that part of the phenotypic response of Daphnia is mediated by a maternal effect on size at birth (Lampert 1993) . What cues are tits using to modify their clutch size? It must either be a cue found in the environment, closely related to the predator or to the predation, or some kind of memory of past predation mediated through the behavior of the population. The birds in this study apparently did not detect the predator right from the beginning, because clutch size was only reduced the year after a peak predation and not in the year in which it happened. If tits rely directly on the presence of predators, we have to build a complicated scenario to fit with the observed changes in clutch size. As in the stickleback study, it could be that a kind of stress conveyed by tits that had bred during predation events persisted in the population for some time. This could explain how individuals that did not experience predation (newly recruited) also adjusted their clutch size, suggesting that individuals are sensitive to what their experienced conspecifics are doing. It is already known that female tits are able to assess the success of their previous reproductive attempt and modify some parameters of the current one (mate: Linden 1991, Dhondt and Adriaensen 1994; laying date: Nager and van Noordwijk 1995; see also Gustafsson 1990 for Collared Flycatcher Ficedula hypoleuca clutch size). In some colonial species, individuals are known to be able to assess the environment, among other things, by the presence of conspecifics (Stamps 1988) or by the success of previous reproduction of the colony (Bollinger and Gavin 1989; E. Danchin and T. Boulinier, unpublished manuscript). Here, the proximal mechanism of the observed phenotypic adjustment of clutch size could be a similar phenomenon. However, no data are available in the present study to verify these possibilities. CONCLUSION We have shown that high nest predation was followed by a decrease in the clutch size of the Great Tit. This decrease was associated with an increase in adult survival rate. Hence, population dynamics of the species are likely to be highly modified by nest predation. As suggested for parasitism (M0ller 1989) , studies with nest boxes may underestimate the role of nest predation in shaping life history. However, the change in clutch size was achieved through a phenotypic adjustment, indicating that nest predation could well not be a primary determinant of clutch size. This strongly suggests that adaptive reaction norms play an important role in the life history of short-lived species like the Great Tit.
Predation is an evolutionary force that is known to have fashioned reaction norms of morphological or demographic traits (Dodson 1989 , Harvell 1990 ). Such phenotypic adjustments are supposed to evolve, in particular, when the probability of contact with the predator is high but unpredictable. Most, if not all, examples documented at present come from aquatic species or plants grazed by herbivores. We argue that the present study is the first demonstration of phenotypic response in a bird species.
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